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Abstract 
The electrolyte uptake kinetics in hybrid sol–gel films was monitored with an electrochemical quartz crystal microbalance 
(EQCM) oscillator sensor, focused on the effect of particles addition in the film. Undoped and zinc oxide doped sol-gel coatings 
were immersed in a 0.1 M NaCl solution to reproduce seafood environment with the object of study their performances as anti-
corrosion coatings for the food packing industry. The electrolyte uptake process was investigated by immersion of doped and 
undoped sol-gel films in NaCl solution for 24 hours. The acoustic load impedance, the shear modulus and the acoustic factor of 
the films were also calculated before and after immersion in order to determine the gravimetric regime of the sensor. Also, the 
phase noise performance of the oscillator in the solution was investigated to characterize the oscillator’s resolution during the 
electrolyte uptake process. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014.  
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1. Introduction 
The use of films obtained by sol–gel technology to improve the corrosion resistance of tinplate cans used in the 
food packaging industry is an ecological alternative to the highly toxic and carcinogenic chromate passivation 
treatments, traditionally used. The study of electrolyte uptake process is necessary to assess the effectiveness of 
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these films, mainly when they are doped with zinc oxide particle, which is a common additive to avoid stannous 
problems.  
2. Results and discussion 
A 5MHz Miller electronic oscillator circuit was used to measure the frequency shifts of the resonant system 
quartz/sol-gel/NaCl-solution. Films were deposited over the quartz crystals by spin-coating technology, with a spin 
speed of 1000 rpm during 1 minute. After the deposition, the coatings were cured in oven at 155 ºC for 20 min. 
Mechanical Dektak® 150 Surface Profiler was used to measure the thickness of the coatings. The mass of the films 
was determined by the difference between the weight of the resonators before and after the coating application. The 
results were corroborated by the resonance frequency value before and after the application of the coatings. The 
volumetric density of the undoped solgel is 1.25 g/cm3 and the density of the zinc oxide-doped solgel is 1.64g/cm3. 
Since the thickness of the quartz crystal are 3.72 μm and 5.29 μm respectively, 610.5 μg/cm2 and 661.1 μg/cm2 are 
the resulting normalized surface densities of undoped and doped solgel. The relationship between the normalized 
surface density of the coating and the quartz is therefore 0.610/88.2=0.007 for the undoped film and 
0.661/88.2=0.007 for the doped solgel, which allows the use of the Sauerbrey relationship to determine the mass 
added to the resonator from the crystal’s frequency variation with insignificant error (small mass approximation) [1, 
2]. Although the deposited films cannot be considered as a rigid mass, the energy loss of the shear wave of the QCM 
resonator into the films is insignificant for small mass loads. Therefore, it does not affect the frequency 
measurement, so that the resonator behavior follows the Sauerbrey relationship. Figure 1 shows the EQCM 
frequency changes during the experiments of electrolyte uptake in undoped sol-gel and in zinc oxide doped sol-gel.  
 
 
      a)                                  b) 
Fig. 1: Frequency changes during the experiments of electrolyte uptake in a) undoped sol-gel b) zinc oxide doped sol-gel. 
The (complex) acoustic load impedance and the (complex) shear modulus of the paint were also calculated before 
and after de immersion in the solution in order to determine if transition from glassy to rubbery behavior occurred 
during the uptake process [3,4]. Table 1 shows the obtained values calculated from the resonance frequency of the 
coated quartz crystals. These values confirm that the coatings have glassy consistence and that the electrolyte uptake 
does not lead to significant changes of modulus. Besides, the phase shift of the acoustic wave while travelling 
through the coating (M) and the acoustic factor (V) were also calculated in the two cases. These values are also 
summarized in table 1. The real part of the acoustic factor approaches to one and the imaginary part approaches to 
zero, which confirms the gravimetric regime of the sensor. 
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Table 1. Acoustic impedance, complex shear modulus, acoustic factor and phase shift of the acoustic wave while traveling 
through the sol-gel coatings before and after uptake (immersion of 24h in 0.1 M NaCl solution at 32 ºC).  
  Acoustic impedance Shear Modulus Phase shift Acoustic factor 
  ZL (kg m-2 s-1) G = G’ + j G’’(Pa) M V 
U
nd
op
ed
 
so
l-g
el
 Before immersion process 1.39E3 + j 1.88E5 2.92E8 + j 9.57E7 0.260 - j 0.042 1.023 – j 0.008 
After immersion 
process 1.75E3 + j 1.81E5 1.71E8 + j 4.25E7 0.336 - j 0.041 1.042 – j 0.011 
Zi
nc
 o
xi
de
 
do
pe
d 
so
l-
ge
l 
Before immersion 
process 1.19E3 + j 2.01E5 3.64E8 + j 7.19E7 0.294 - j 0.029 1.031 – j 0.006 
After immersion 
process 1.65E3 + j 2.03E5 2.09E8 + j 3.21E7 
0.387 - j 0.029 1.056 – j 0.009 
 
 
The oscillator sensor was experimentally characterized with the aim of determining its own sensitivity, noise and 
resolution under working conditions [5]. Table 4 summarizes the obtained values. The result is a quartz crystal 
microbalance (QCM) sensor able to determine the rate and amount of electrolyte absorbed into sol-gel coatings with 
a resolution of 6 ng/cm2 for one second sampling interval. Figure 2 shows the mass gain with immersion time for 
both types of samples, according to the Sauerbrey relationship with a sensitivity of 57 Hz/(μg/cm2). It is noticeable 
the higher values obtained for undoped samples, which indicate a barrier effect afforded by the zinc oxide particles 
[6]. 
Table 4. Sensitivity, Allan deviation, detection limit and resolution of the 5MHz Miller QCM oscillator sensor in NaCl at 
32ºC. Oscillator temperature 41ºC r 0.8 ºC. 
Q Sensitivity 
 
Allan deviation 
Vy(W)max 
Detection Limit Resolution 
 
1827 57 Hz Pg-1cm2 6.5 10-8 0.33 Hz 6 ng/cm2 
 
 
 
 
 
Fig. 2: Mass gain evolution with immersion time in 0.1M NaCl solution for undoped sol-gel and zinc oxide doped sol-gel. 
  
215 L. Rodriguez-Pardo et al. /  Procedia Engineering  87 ( 2014 )  212 – 215 
Acknowledgements 
The authors gratefully acknowledge the financial support for this work by the National Program of Spanish 
Ministry of Economy and Competitiveness under contract DPI2011-22662.  
References 
[1] C. Lu And O. Lewis, Investigation of film-thickness determination by oscillating quartz resonators with large mass load, J. Appl. Phys. 43 
(1972) 4385-4390 
[2]  C. Lu And, A. W. Czanderna, Applications of Piezoelectric Quartz Crystal Microbalances, ed., Elsevier, Amsterdam, 1984, 2 
[3]   R. Lucklum, P. Hauptmann, Acoustic microsensors—the challenge behind microgravimetry. Anal Bioanal Chem. 384, (2006) 667-682 
[4]  C. Behling, R. Lucklum, P.  Hauptmann, Fast three-step method for shear moduli calculation from quartz crystal resonator measurements, 
IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 46(6), (1999) 1431,1438 
[5]  L. Rodríguez-Pardo, J. Fariña, C. Gabrielli, H. Perrot, R. Brendel, Sensitivity, noise, and resolution in QCM sensors in liquid media, IEEE 
Sensors Journal, 5(6), (2005) 1251-1256 
[6]  L. Veleva, J. China, B. del Amo, Corrosion electrochemical behavior of epoxy anticorrosive paints based on zinc molybdenum phosphate 
and zinc oxide, Progress in Organic Coatings 36 (1999) 211-216 
